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The Cosmic Microwave Background (CMB) provides a precious window on fundamental physics at very high 
energy scales, possibly including quantum gravity, GUTs and supersymmetry. The CMB has already enabled 
defect-based rivals to inflation to be discarded, and will be able to falsify many inflationary models. In combination 
with other cosmological observations, including those of high-redshift supernovae and large-scale structure, the 
CMB is on the way to providing a detailed budget for the density of the Universe, to be compared with particle- 
physics calculations for neutrinos and cold dark matter. Thus CMB measurements complement experiments with 
the LHC and long-baseline neutrino beams. 



1. Why the CMB Might be a Good Physics 
Teacher 

Measurements of the CMB by experiments be- 
fore COBE, by COBE itself, and by subsequent 
experiments, have already amassed an impressive 
amount of data |l|, and this is set to grow dra- 
matically with future experiments culminating in 
the MAP and Planck Surveyer satellites. We al- 
ready know that the spectrum is very close to 
black-body, which imposes important constraints 
on entropy deposition, late particle decays, reion- 
ization, etc. H. We also know that the CMB 
is highly isotropic, providing the best evidence 
for the relevance of Friedman-Robertson- Walker 
(FRW) cosmological models H. This isotropy 
immediately raises the horizon problem: why 
is the Universe apparently so homogeneous and 
isotropic on large scales? It is worth recalling 
that the scale size of the Universe at the epoch 
of last scattering is about two orders of magni- 
tude larger than the horizon size an = 2t at 
that epoch t, which is the largest distance over 
which a message could have travelled in a conven- 
tional FRW cosmology. So how were the opposite 
sides of the Universe able to coordinate so pre- 
cisely? Small anisotropics in the CMB have been 
seen: the first to be discovered was the dipole 
anisotropy of about 10^"^, which is conventionally 
interpreted as a Doppler effect due to the veloc- 



ity of the Earth in the Machian reference frame 
provided by the CMB Q. More recently, COBE 
and its successors have detected the higher-order 
anisotropics shown in Fig. 1 ||^, which promise 
to teach us a lot of fundamental physics. 
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Figure 1. Compilation j^ of CMB anisotropy 
measurements. 



These anisotropics are usually interpreted in 
the context of cosmological inflation H , accord- 



ing to which, at some very early epoch, the energy 
density p of the Universe may have been domi- 
nated by an (almost) constant term V: 
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It is easy to see that, if this constant term were 
dominant, it would generate an epoch of expo- 
nential growth of the scale factor a: 
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where a ~ a/ at the initial time ti marking the 
onset of inflation. If so, the horizon size an of 
the Universe would also have expanded exponen- 
tially, and the entire observable Universe would 
have been born within the pre-inflationary hori- 
zon: 
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During this epoch of exponential expansion, the 
(approximate) homogeneity and isotropy of the 
observable Universe could have been imprinted. 
Moreover, the curvature term — fc/a^ in (nl) would 
rapidly have become negligible, so that the Uni- 
verse would become almost critical: Vl = p/ Pc — 
1, where pc = ■^/Sff/STrGjv. Furthermore, un- 
wanted particles from the very early Universe, 
such as GUT monopoles |0], would have been in- 
flated away beyond the last-scattering surface of 
the CMB. 

In this picture, the CMB anisotropics are as- 
cribed to density fluctuations originating from 
quantum fluctuations g in the scalar field whose 
potential energy V — ©(/i**) drove inflation. 
These fluctuations would have induced perturba- 
tions in the field energy in different parts of the 
Universe, evolving subsequently into fluctuations 
in the temperature of the CMB. These would be 
(approximately) a Gaussian random field of per- 
turbation Sp/p, with similar magnitudes on dif- 
ferent scale sizes, as favoured by astrophysicists. 
The magnitude of these perturbations is related 
to the field energy density during inflation 
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The magnitude ST/T - lO'^ observed by COBE 
et seq. favours p ^ 10^^ GeV, comparable with 
the unification scale in GUTs |Q]. Therefore, at 
the very least, inflation provides with a unique 
window through which we can look back at an 
energy scale far beyond the direct reach of cur- 
rent accelerators, and might even provide us with 
a precious window on GUTs themselves. A chal- 
lenge which has not yet been fully met, however, 
is to derive an inflationary potential from some 
GUT (or string) theory in a natural way. 

2. What we Might Hope to Learn 

The large mass scale p associated with inflation 
suggests that observations of the CMB may be 
sensitive to all mass scales in physics, not exclud- 
ing that associated with quantum gravity, which 
may not be so far beyond mci/T, if current M- 
theory ideas are right. 

Indeed, examples can easily be given of the 
CMB's sensitivity to aspects of Quantum Grav- 
ity. In addition to the scalar density perturba- 
tions (|l|) that are expected to dominate the CMB 
anisotropics, there may also be tensor perturba- 
tion modes, which are none other than gravita- 
tional waves. String cosmology scenarios have 
been proposed [Q, of which these may provide 
a key observational signature. Then we should 
recall that it is the combination of CMB data 
with those on high-redshift supernovae uW that 
provides the clearest evidence for a cosmological 
constant A, as discussed in more detail later. 

The interpretation of these observations corre- 
sponds to A ^ 10~^^^ nip, which is far smaller 
than the individual contributions to A in many 
particle theories. For example, condensates in the 
QCD vacuum yield 
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the Higgs vacuum of the Standard Model con- 
tributes 



Sew^ - (100 MeV)^ - 10 



-68 



ip , 



(6) 



and global supersymmetry breaking might con- 
tribute 



SsA ^ (1 TcV)" 



10 



-64 



i,p , 
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The discrepancy between these estimates and the 
(inferred) astrophysical value may be the biggest 
problem in particle physics, much bigger even 
than the gauge hierarchy problem. Its resolution 
certainly requires a consistent quantum theory of 
gravity that also includes all the other particle 
interactions. 

Personally, I regard the observational indica- 
tions for non-zero vacuum energy as a tremendous 
opportunity for theoretical physics, as it provides 
a number to calculate in one's candidate theory 
of quantum gravity. Much effort has been applied 
to trying to prove that A = |E2|, but a corre- 
sponding exact unbroken symmetry has not been 
identified. Perhaps A 7^ after all? Or perhaps 
it is merely relaxing towards zero: A(t) — > with 
a non-trivial equation of state: P/p = a < 0? 
Present data require a ^ —0.6 |I^, but do not 
impose a = — 1 as required if A is constant. Mod- 
els in which K{t) -^ include a mobile scalar 
field 0(t) (quintessence) whose potential energy 
V{(j){t)) — > iQ, and gradual de-excitation of 
the quantum-gravity vacuum [|5| . The CMB and 
other data may eventually be able to make inter- 
esting distinctions between possible equations of 
state, and thereby discriminate between different 
theories of quantum gravity. 

As for Grand Unification, a primary hope is 
that the vacuum energy driving inflation could be 
related to the GUT scalar potential. The CMB 
may also cast light on the magnitudes of the neu- 
trino masses expected in GUTs. Laboratory ex- 
periments have established that these must be 
much smaller than the masses {m) of the charged 
leptons and quarks |3|: 
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<, 18 MeV . 
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Theorists expect non-zero neutrino masses, be- 
cause there are no candidate exact gauge symme- 
tries with associated conserved charges to forbid 
them, by analogy with the U{l)em of QED, with 
its associated conserved Qem and vanishing pho- 
ton mass. We expect the other apparently con- 
served quantum numbers such baryon number B 
and Icpton number L eventually to be violated, 



most likely at some high mass scale M ~ Mqut- 
Lepton-number violation leads generically to neu- 
trino masses. 

Most theorists expect a see-saw mass matrix 
mixing the known i/^ with heavy singlet neutri- 
nos TV (often called right-handed neutrinos, but I 
dislike this nomenclature) of the form ilql 
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For example, if we put m ^ 100 GeV and take 
rui, ^ 10~^ eV for the third generation, we esti- 
mate M ~ 10^^ GeV. Recent evidence for atmo- 
spheric neutrino oscillations suggests |17|] 

Ani\ ~ (10^2 to 10-3) eV^ (11) 

for the mass-squared difference between one pair 
of mass eigenstates to^. . The range (nWj can 
be explored with approved and projected long- 
baseline neutrino experiments with accelerator 
beams |18| . In addition, solar neutrino data have 
for some time suggested |l9[| 

Am| - (10^^ or 10"^°) eV^ (12) 



for the mass-squared difference between another 
pair. These are not measurements of the absolute 
scale of neutrino masses, but most models suggest 
that the neutrinos are not heavy and almost de- 
generate, and hence that 

nil,, - (10^^ to 10^3/2) gv > (13) 

m^, - (10^^/^ or lO"'^) eV > m^,, 

for the three mass eigenstates. As is discussed 
below, the CMB and large-scale structure data 
may eventually provide the best constraint on the 
expected hierarchy (13). 

Another possible output of grand unification 
that will be constrained by CMB measurements 
is baryogenesis. Already fls (and hence ns/s) 
is being bounded by present CMB measure- 
ments |lj], and these may eventually povide the 
most accurate determination of Qb, for compar- 
ison with baryogenesis scenarios at the GUT or 
electroweak scale [EOi , or in between. 



Another possible extension of the Standard 
Model that may be tested by CMB measure- 
ments is Supersymmetry |gl[. This is in- 
voked |g2[ by particle theorists to stabilize the 
gauge hierarchy: mw <C mp, or equivalently 
Gf ^ ^/"rriw -^ ^N — i/rrip, or equivalently 
Vcouiomb = e^/r > VNcwton = {mpme/rrip) 1/r 
inside an atom. If one tries to set such a hierarchy 
by hand, one discovers large quantum corrections: 
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which are much larger than the physical value of 
m^ if the cutoff A in (|^ is 0{mp or mcuT)- An 
effective cutoff A is provided by sparticle masses 
in supersymmetric models: 
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where the subscripts (B, F) denote superpartner 
bosons and fermions, and the remainder is ^ 



if 



< 1 TeV^ 



^w 



(16) 



This motivates the appearance of superpartners 
at energies accessible to accelerators such as the 
LHC 23 1 . As discussed below, it also suggests 



the presence of massive supersymmetric relic par- 
ticles contributing 0(1) to the matter density 
Om [p3. CMB measurements already bound flm, 
and may soon provide accurate measurements of 
it, thereby constraining supersymmetric models. 
Subsequent epochs of the history of the Uni- 
verse, such as the electroweak phase transi- 
tion, the quark-hadron QCD phase transition 
and cosmological nucleosynthesis will also be 
constrained by CMB measurements, but we do 
not go into details here. 

3. Density Budget of the Universe 

We phrase our subsequent discussion in terms 
of the density budget of the Universe, expressed 
relative to the critical density: f2i = pi/ Pc- 

fltot'- Inflation suggests that this is practically 
indistinguishable from unity: i^tot = 1 ±0(10_^, 
but there are models that predict Qtot < 1 p5| . 
One of these is illustrated in Fig. 2, which has 
the potential 
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Figure 2. a) The potential (17) that leads to open 
inflation MW, with the spectrum b) of density per- 
turbations. 
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This looks rather bizarre, but who knows what a 
priori probability measure the inflationary God 
uses, or even whether such a concept makes 
sense Ml As seen in Fig. 2b, this model pre- 
dicts a spectrum of density perturbations that is 
far from flat p5[, and hence amenable to test by 
CMB measurements. 

rib'. Measurements of the D/H ratio in high- 
redshift Lyman-a clouds Eq] correspond to 
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(3.3 ±0.3) X 10" 



(18) 



If this is indeed the correct primordial D/H ra- 
tio, big-bang nucleosynthesis calculations suggest 
that §T\ 



— = (5.1 ±0.3) X 10" 

s 
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(19) 



corresponding to 
nsh^ = 0.019 ±0.001 



(20) 



where h is the present Hubble expansion rate in 
units of 100 kms~^M ~^. Using the currently 
favoured range h — 0.65 ± 0.10, we see from (20) 
that fib ^ 0.08, which is insufficient to explain all 
the matter density in the following paragraph. 

rim'- The cluster measurements {M/L ratio, 
present and past abundances, cluster dynamics 
and the baryon fractions inferred from X-ray 
measurements) all suggest p8[ 



i Iji 



0.2 to 0.3 



(21) 



Moreover, the combination of CMB measure- 
ments and high-redshift supernovae [|ll| also sup- 
port independently such a value for O^. 

^CDM- The theory of large-scale structure for- 
mation strongly suggests that most of Q„i is cold 
dark matter, so that 
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as perhaps provided by supersymmetric particles. 
The lightest supersymmetric particle is ex- 
pected to be stable in most models, and hence 
present in the Universe today as a cosmolog- 
ical relic from the Big Bang p4]. Its stabil- 
ity would be due to a multiplicatively-conserved 
quantum number, called R parity, which is re- 
lated to baryon number B, lepton number L and 
spin S: 



B = {-1) 



3B+L+2S 



(23) 



and takes the value +1 for all conventional parti- 
cles, changing to -1 for all supersymmetric parti- 
cles, because they have identical internal proper- 
ties but spins differing by half a unit. There are 
three important consequences of R conservation: 
(i) sparticles are always produced in pairs, such 
as pp —^ qg + X or e+e^ — > fl^fl^ , (ii) heavier 
sparticles decay into lighter ones, such as q —> qg 
ov jl ^ ^7, and (iii) the lightest sparticle is stable 
because it has no legal decay mode. 

In many models [|^, the favoured scandidate 
for the lightest sparticle is the lightest neutralino 
X, which is a mixture of the photino 7, the zino 
Z and the neutral Higgsinos H^ p9| . At the tree 



level, the neutralinos are characterized by three 
parameters: the unmixed gaugino mass m.1/2, a 
Higgsino mixing parameter /x and tan/3, the ra- 
tio of Higgs vacuum expectation values. The 
properties of the x particle simplify in the limit 
mi/2 — > 0, where it becomes an almost pure 
photino 7, and in the limit /x — > 0, where it 
becomes almost a pure Higgsino H. However, 
the non-observation of supersymmetric particles 
at LEP excludes these simple limits [|0|. The 
purely experimental limit m^ <; 20 to 30 GeV 
may be strengthened by taking other constraints 
into account |3^j3^, as seen in Fig. 3. 

There are generic domains of supersymmetric 
parameter space where an "interesting" cosmo- 
logical relic density 0.1 ^ fi^/i^ ^ 0.3 is possi- 
ble pjl and it can even be argued that this is 
the most natural range p2]. If this upper limit 
is imposed, the lower bound on m^ is strength- 
ened to the dotted line marked C in Fig. 3. The 
limit coming from the non-observation of a su- 
persymmetric Higgs boson at LEP is indicated 
by the dotted line marked H in Fig. 3, which is 
strengthened to the solid line marked UHM if all 
the scalar sparticles are assumed to have the same 
mass as the Higgs fields at the GUT input scale. 
Finally, combining this assumption with the lower 
and upper limits on the cosmological relic density 
yields the lines marked DM -I- UHM and cosmo -I- 
UHM in Fig. 3. These considerations currently 
yield M 



m^ > 42 GeV 



(24) 



and subsequent LEP runs should be able to ex- 
plore thoroughly the range m^ ^ 50 GeV. 

Although theorists of structure formation pre- 
fer most of the dark matter to be composed of 
cold non-relativistic particles, such as neutrali- 
nos, they think this may not be the whole story, 
as seen in Fig. 4 Q. The plain CDM model 
would require a very non-flat spectrum of per- 
turbation n -C 1, which is disfavoured in most 
inflationary models, if /i ~ 0.65, as suggested by 
current data. A model (rCDM) with decaying 
dark matter fares somewhat better, but the most 
promising are the mixed (j/CDM) model and the 
model (ACDM) with a cosmological constant. 

^HDM'- The hot dark matter density due to 
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Figure 4. Allowed ranges p,^l of the Hubble ex- 
pansion rate and the power law for cosmological 
perturbations, in different dark matter models. 



Figure 3. Lower limits on the lightest neutralino 
mass IS^I , obtained under the different assump- 
tions listed in the text. 



neutrinos can be predicted accurately as a func- 
tion of the neutrino masses 
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The theory of structure formation suggests that 
^HDM -C i^CDM, and the indications (pi]), ( p^ ) 
from atmospheric and solar neutrino data can eas- 
ily be explained (|lj) by light neutrinos: m^. < 
0.1 eV, which would make a small contribution to 

The present and prospective sensitivities of cos- 
mological data to rui, are shown in Fig. 5 |^^ . So 
far, m^, Jl 3 eV is excluded by the available upper 
limit on the density of hot dark matter. Compar- 
ison of future data on large-scale structure and 
the CMB are thought to be sensitive to to^ ^ 
0.3 eV. This is very close to the range rrii, '--^0.1 



to 0.03 eV favoured by the atmospheric neutrino 
data, so one should not abandon hope of detect- 
ing neutrino masses astrophysically pq ]. 

fl\: As we have already seen, the largest frac- 
tion of the energy density of the Universe may be 
provided by vacuum energy, if one combines the 
CMB [^ and high-redshift supernova data [|ll| . It 
is also required by the dynamical estimates of Qm 
and inflation, which requires ^tot — ^m + ^A — 1- 

If one takes at face value the absolute scale 
of neutrino masses suggested by the atmospheric 
neutrino data, one would be led to favour the 
(ACDM) option in Fig. 4. In this case, Fig. 6 
pieces together the indications concerning Q\ and 
Hq from different astrophysical and cosmological 
data excluding those on high-redshift supernovae. 
We see that these favour independently f^A ~ 0.6, 
h ~ 0.65 Q. Thus a remarkably consistent pic- 
ture of the density budget of the Universe may be 
emerging: 
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Figure 6. Convergent indications of a non-zero 
cosmological constant /wj/, independent of high-z 
supernovae, from large-scale structure and CMB 
anisotropics (PS), the age of the Universe (AGE), 
the fraction of baryons in clusters (CBF) and 
measurements of Hq . 



Figure 5. Compilation of indications on neutrino 
mass-squared differences lS.m^ and mixing angles 
from oscillation experiments, compared with 
cosmological sensitivities to neutrino masses M^. 



ntot^l^^m + ^A- 0„ - 0.3, r^A ~ 0.7 (26) 
where 

^m = ^CDM + rijy + f7b (27) 

with 

fib < 0.1 , n^ < ncDM ^ fim (28) 

Let us see whether future data confirm this pic- 
ture. 



4. What we Have Learnt 

The first generation of CMB measurements has 
already taught us a great deal about fundamen- 
tal physics m, some of which has already been 
mentioned in previous sections. Most of the dis- 
cussion is in terms of inflationary models, but it 
should not be forgotten that the CMB delivered 
a death blow to the alternative models based on 
cosmological defects Q. These did not predict 
an acoustic peak, as apparently observed in the 
data at a harmonic number £ ~ 200, as suggested 
by the data compiled in Fig. 1. It is mainly 
the location of this peak that suggests fitot = 
fl„i + r^A ~ 1, as seen in Fig. 7. The height of the 
peak, as seen in Fig. 1, suggests that fij, ^ 0.1. 
Moreover, the combination of CMB with large- 
scale structure suggests that Vic dm S> ^hdm, 
and the value of flcDAi suggested by combining 
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Figure 7. Indications on Qm cind D,\ from the 
combination of CMB fluctuations and high-z su- 
pernovae iSl 



the CMB data with high-redshift supernovae is 
compatible with flcDM ~ 0.3 (as also seen in 
Fig. 7 ||3^) as suggested by cluster observations. 
As has already been mentioned, standard cold 
dark matter does not fit the CMB and large-scale 
structure data, but a model with fl^ ~ 0.7 does. 
Furthermore, the indications from the CMB and 
large-scale structure data are that the spectral in- 
dex of the density perturbations n ~ 1 ± 0.2, in 
agreement with the Harrison- Zeldovich spectrum 
and most inflationary models. 

Thus, we have reached the stage where alter- 
native theories of structure formation have been, 
or are being, eliminated, and attention is be- 



ing focussed on a candidate Standard Model of 
structure formation. The next step is test the 
model, determine its parameters, and try to over- 
constrain them, with the hope of eventually mov- 
ing beyond it. 

5. What we May Hope to Learn 

The next generation of CMB measurements, 
culminating in the MAP and Planck satellites, 
will provide us with precision determinations of 
physical quantities, and probe the emerging Stan- 
dard Model of structure formation, much as LEP 
and the SLC have probed the Standard Model of 
particle physics. For example, fltot may be de- 
termined with a precision of 0.1, possibly 0.01 in 
combination with high-redshift supernova data, 
in conjunction with a comparable precision in 
fl'm- Similarly, Clf, will be determined with a small 
fractional error. In the case of LEP, many quanti- 
ties such as mz , sin^ 9w and the number of light 
neutrino species Ni, were eventually determined 
with errors far smaller than theoretical guesses 
before the accelerator started. For that reason, I 
am not going to hazard here many guesses about 
the eventual errors in cosmological parameters! 
However, let us consider neutrinos as an example 
of what may be possible. 

These decoupled when the temperature was 
0(1) MeV. Following reheating by e~^e~ — > Piy, 
we expect a relic density 






7 



4/3 

— I N,~ 0.681iV, 



(29) 



This is subject to small corrections due to incom- 
plete decouphng: SN^" ~ 0.03 to 0.04 and finite- 
temperature QED corrections: SN^'^ ~ 0.01 Q. 
The precise value of the ratio p^/ p-y affects the 
epoch of matter-radiation equality, and can be 
measured accurately by the Planck satellite, par- 
ticularly using polarization [Q. 

Figure 8 shows the predicted sensitivity to 
SNy as a function of the maximum value of £, 
demonstrating the advantages gained from polar- 
ization data and from measurements at high £. 
These may reach the sensitivity required to see 
the effects of incomplete decoupling and finite- 
temperature QED p8]. They may even match 
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Figure 8. Possible sensitivity of future CMB 
measurements to the effective number of neutrino 
species /pq/. The lower (upper) pair of lines 
(do not) assume exact knowledge of other cosmo- 
logical parameters. Within each pair, the lower 
(solid) line is the sensitivity obtainable if polar- 
ization is measured. 



the LEP error N^^^ = 2.994 ± 0.011 !§! 

CMB measurements, in conjunction with other 
observations, will also be able to put interesting 
constraints on the mass of any stable neutrino, 
in the range of 1 to possibly 0.1 eV |34|. As al- 
ready mentioned, this is getting close to the range 
indicated by atmospheric neutrino oscillations: 



m^ 



Am 



Atn 



0.1 to 0.03 eV 



(30) 



as seen in Fig. 5. I would not bet a lot of money 
against the CMB and large-scale structure data 
eventually reaching down to the range (pO|). The 
present CMB data are already able to exclude 
decaying neutrinos with tti^ > 10 eV and 10^'^s < 
T ^ lO^^s 1^21 • Again, the future sensitivity is 
expected to extend down to about 1 eV, and there 
will be analogous constraints on other unstable 
massive particles such as neutralinos, gravitinos, 
etc. 

The future CMB measurements will also make 
precision tests of inflationary models, much as 
LEP and the SLC have made precision tests of 
electroweak models and measured sin 9w very 
accurately. The observables of interest are the 



scalar perturbation mode S, the tensor mode T, 
and their spectral indices n,nT. Knowledge of 
them enables the inflationary potential to be re- 
constructed itnti: 






1.65r mp , 



(31) 
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K = 47r 



7 b mp 
(n-l) + y^ 
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where the primes denote derivatives with respect 
to the inflaton field 4>, and the * subscript denotes 
the scale at which the measurement is made. In 
addition, there is a consistency condition 



T 



= —Tut 



(32) 



which enables the inflationary paradigm to be 
checked. Figure 9 shows how the spectral index n 
and the tensor/scalar ratio r vary in different in- 
flationary models |Q. Also shown are the error 
ellipses expected from Planck. We see that the 
latter should be able to distinguish between dif- 
ferent power-law potential models, and between 
many of these and models with an exponential 
potential. 

CMB measurements take inflationary models 
into the scientifc domain: individual models may 
be falsified, and even very general classes of 
models, for example by observing strong non- 
Gaussian correlations. A word of caution is, how- 
ever, in order. Like any finite-size set of mea- 
surements, the CMB measurements alone will not 
have a unique interpretation ~ the so-called cos- 
mological degeneracy problem. Specifically, mod- 
els with the same stress history will give the 
same pattern of acoustic peaks in the CMB spec- 
trum and the same perturbation power spectrum. 
Other measurements sensitive to the co-moving 
sound speed and curvature fluctuations would be 
needed to distinguish between models. 

6. Conclusions 

The CMB is a powerful probe of fundamen- 
tal physics, including quantum gravity, inflation, 
grand unification, cold dark matter, hot dark 
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Figure 9. Likely future precision in CMB mea- 
surements confronted with various model predic- 
tions 



matter, decaying particles, Big-Bang baryosyn- 
thesis and much else besides, as well as being of 
capital importance for astrophysics and cosmol- 
ogy. It is one of the very few probes we have of 
physics at the grand unification scale, along with 
neutrino physics, as can be probed using long- 
baseline neutrino experiments (l8|, and the mea- 
surements of gauge couplings and particle masses, 
e.g., of sparticles at the LHC |g^. Hence the 
future generation of CMB experiments, notably 
MAP and particularly Planck, is an invaluable 
complement to the next generation of particle ac- 
celerator experiments at the LHC. Together, they 
may not only establish a Standard Model of cos- 
mology and structure formation, but also take us 
beyond the Standard Model of particle physics. 
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